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Objectives
 Develop an inexpensive, rapid-response, high-sensitivity and selective electrochemical sensor for oxides of ni-

trogen (NOx) for compression-ignition, direct-injection (CIDI) exhaust gas monitoring

 Explore and characterize novel, effective sensing methodologies based on impedance measurements

 Explore designs and manufacturing methods that could be compatible with mass fabrication 

 Collaborate with industry in order to (ultimately) transfer the technology to a supplier for commercialization

Approach
 Use an ionic (O2) conducting ceramic as a solid electrolyte and metal or metal-oxide electrodes

 Correlate NOx concentration with changes in impedance by measuring the cell response to an ac signal

 Evaluate sensing mechanisms using electrochemical techniques

 Characterize aging mechanisms and the effects on long-term performance of candidate sensor materials

 Understand and develop methodology to eliminate interferences

 Collaborate with the Ford Research Center to optimize sensor materials, operating parameters, and performance 
and perform dynamometer on-vehicle testing

Accomplishments
 Improved design to address mechanical stability by mounting sensor on a heated alumina substrate that is suita-

ble for packaging into a commercial sensor housing and directly attaching to the exhaust manifold for engine 
dynamometer tests

 Completed long-term evaluation of more advanced prototype demonstrating over 3000 h of continuous opera-
tion and stability with thermal cycling from operating temperatures (~600°C) to room temperature

 Evaluated H2O and O2 cross-sensitivity, successfully demonstrating the potential for O2 compensation using a 
dual-frequency method that allows the background O2 signal to be subtracted out

 Publications/Presentations/Patents:

 Submitted Record of Invention (ROI) and filed a provisional patent 

mailto:glass3@llnl.gov
mailto:jerry.gibbs@ee.doe.gov
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 Presented poster at the 2008 Fall Meeting of the Materials Research Society Meeting 

 Oral presentation at the 2009 DOE Hydrogen Program and Vehicle Technologies Program Annual 
Merit Review and Peer Evaluation Meeting

 Oral presentation at the 215th Electrochemical Society Meeting 

 Manuscript submitted to the Journal of the Electrochemical Society

Future Directions
 Develop more advanced prototypes using processes suitable for cost-effective, mass manufacturing

 Evaluate performance of prototypes, including long-term stability and cross-sensitivity, in laboratory, 
dynamometer, and on-vehicle tests 

 Initiate the technology transfer process to a commercial entity

Introduction 
NOx compounds, specifically NO and NO2, are 

pollutants and potent greenhouse gases. Compact 
and inexpensive NOx sensors are necessary in the 
next generation of diesel (CIDI) automobiles to meet 
government emission requirements and enable the 
more rapid introduction of more efficient, higher 
fuel economy CIDI vehicles.1-3

Because the need for a NOx sensor is fairly re-
cent and the performance requirements are extreme-
ly challenging, most are still in the development 
phase.4-6 Currently, there is only one type of NOx
sensor that is sold commercially, and it seems un-
likely to meet more stringent future emission re-
quirements. 

Automotive exhaust sensor development has fo-
cused on solid-state electrochemical technology, 
which has proven to be robust for in-situ operation
in harsh, high-temperature environments (e.g., the 
oxygen stoichiometric sensor). Solid-state sensors 
typically rely on yttria-stabilized zirconia (YSZ) as 
the oxygen-ion conducting electrolyte and then tar-
get different types of metal or metal-oxide elec-
trodes to optimize the response.2-6

Electrochemical sensors can be operated in dif-
ferent modes, including amperometric (a current is 
measured) and potentiometric (a voltage is meas-
ured), both of which employ direct current (dc) mea-
surements. Amperometric operation is costly due to 
the electronics necessary to measure the small sen-
sor signal (nanoampere current at ppm NOx levels), 
and cannot be easily improved to meet the future 
technical performance requirements. Potentiometric 
operation has not demonstrated enough promise in 
meeting long-term stability requirements, where the 

voltage signal drift is thought to be due to aging ef-
fects associated with electrically driven changes, 
both morphological and compositional, in the sen-
sor.7

Our approach involves impedancemetric opera-
tion, which uses alternating current (ac) measure-
ments at a specified frequency. We have described 
this approach in last year’s report and in several 
publications (See Ref. 8-10). Impedancemetric oper-
ation has shown the potential to overcome the draw-
backs of other approaches, including higher 
sensitivity towards NOx, better long-term stability, 
potential for subtracting out background interfe-
rences, total NOx measurement, and lower cost ma-
terials and operation.8-10

Past LLNL research and development efforts 
have focused on characterizing different sensor ma-
terials and understanding complex sensing mechan-
isms.8-10 Continued effort has led to improved 
prototypes with better performance, including in-
creased sensitivity (to less than 5 ppm) and long-
term stability, with more appropriate designs for 
mass fabrication, including incorporation of an alu-
mina substrate with an imbedded heater. 

Remaining challenges include mechanical stabil-
ity and sensor accuracy, which depends on cross-
sensitivity to interfering gases and temperature de-
pendency. Our most recent efforts have focused on 
improving two of the more advanced prototypes by 
addressing mechanical stability and materials 
processing limitations while evaluating potential 
tradeoffs in sensor performance and accuracy.

The ultimate goal is the transfer of this technol-
ogy to a supplier for commercialization. Due to the 
recent economic downturn, suppliers are demanding 
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more comprehensive data and increased perfor-
mance analysis before committing their resources to 
take the technology to market. Therefore, our NOx
sensor work requires a level of technology develop-
ment more thorough and extensive than ever before. 

Background
For an electrochemical cell with two electrodes, 

impedancemetric sensing requires that at least one of 
the electrodes act as the “sensing” electrode. The 
sensing electrode will have a preferable response to 
NOx over other gas phase components. However, in 
impedancemetric sensing, both electrodes can never-
theless have an appreciable response. This contrasts 
to the case in potentiometric sensing where differen-
tial measurements are much more important. There-
fore, the sensor design is flexible and can either 
contain one sensing electrode and one counter (i.e., 
non-sensing) electrode, or two sensing electrodes. It 
opens up the opportunity to use a greater variety of 
materials.

Previous work at LLNL focused on the role of 
electrode composition and microstructure and pro-
vided criteria for higher sensitivity electrodes, which 
depended on limiting the oxygen reaction on the 
electrode so that the NOx reaction could be re-
solved.9-10 Our previous work suggested that impe-
dancemetric sensing was possible with a variety of 
electrode materials, both metal and metal oxides, 
that meet general sensor criteria, which include a 
dense microstructure and appropriate composition to 
limit the catalytic activity towards oxygen.10

In more recent work, the impedancemetric sens-
ing behavior of two compositions, gold and stron-
tium-doped lanthanum manganite (LSM), were
compared using asymmetric cell designs. LSM is an 
electronically conducting metal oxide. While similar 
overall NOx sensitivity was observed for the two 
different materials and designs, differences in NO 
and NO2 selectivity were noted due to influence of 
specific cell design characteristics on surface reac-
tions.

Gold sensing electrodes have demonstrated sta-
ble electrochemical performance for over 500 h of 
operation, the potential  for low water cross-
sensitivity, and a convenient wire geometry that al-
lows the inclusion of a heated substrate. However, 
drawbacks of gold wire electrodes include poor me-
chanical performance, where the thermal mismatch 
with the YSZ electrolyte leads to wire delamination, 
and poor processing flexibility, where the melting 

temperatur e  o f  g o l d  r e q u i r e s  s e p a r a t e  l o w-
temperature processing steps. 

Another potential drawback of gold sensing 
electrodes is its poor performance at higher frequen-
cies (~1 kHz), which is used in the dual-frequency 
measurement strategy to mitigate oxygen cross-
sensitivity and increase accuracy. In previous LLNL 
work, we demonstrated the possibility for using a 
separate high-frequency signal (~1 kHz) that is se-
lective for oxygen (i.e., not sensitive to NOx) in ad-
dition to the low-frequency signal (~5-10 Hz), which 
is sensitive to both NOx and oxygen. The oxygen 
contribution can then be conveniently subtracted 
out.8

Compared to gold, LSM sensing electrodes have 
demonstrated the potential for better performance at 
higher frequencies for oxygen compensation and 
better processing flexibility and mechanical stability 
due to higher melting temperatures and better ther-
mal expansion match with the YSZ electrolyte. 
However, drawbacks of LSM electrodes include po-
tential water cross-sensitivity, including water-
induced drift/aging, and pose more difficult geome-
tric considerations for incorporating a heated sub-
strate.

Our current work focuses on addressing the 
drawbacks of both materials and developing more 
advanced prototypes that incorporate alumina sub-
strates with imbedded heaters. The top of Fig. 1a 
shows the alumina substrate with an imbedded hea-
ter, which is provided by our collaborators at Ford 
M o t o r  C o m p a n y .  T h e  s e n s i n g  e l ec-
trode/electrolyte/counter electrode (i.e., cell) is lo-
cated at one end of the substrate, as shown in the 
bottom of Fig. 1a.  Leads are located on the opposite 
end of the substrate. This design is appropriate for 
packaging into a commercial sensor housing (pro-
vided by a U.S. supplier) with protective cap, as 
shown in Fig. 1b. The packaged sensor can then be 
mounted directly into the exhaust manifold during 
engine dynamometer testing.

           
(a)
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(b)

Figure 1. Picture of (a) alumina substrate with imbedded 
heater provided by Ford Motor Company without (top) 
and with (bottom) sensing electrode/electrolyte/counter 
electrode that is suitable for packaging into a (b) commer-
cial sensor housing.

Experimental 
Two different sensing materials, Au and LSM, 

were investigated. Figure 2 shows a schematic of a 
prototype using Au wire as the sensing electrode and 
alumina with an imbedded Pt resistive heater as the 
substrate (70 mm × 4 mm × 1 mm, see Fig. 1a). The 
substrate has a total of four leads, two leads for the 
Pt resistive heater located on one side, and two leads 
for the sensor located on the opposite side. 

Figure 2. Schematic of more advanced NOx prototype 
sensors using Au wire as the sensing electrode.

The end of the substrate was coated with Pt 
paste on the top, bottom, and side surfaces and fired 
at 1200°C. One of the substrate leads contacted the 
Pt counter electrode. Yttria partially-stabilized zir-
conia (PSZ, 3 mol% yttria doping) slurry was then 
applied on top of the fired Pt. Au wire was tightly 
wrapped around the prototype and additional PSZ 
slurry was applied on top of the wires and the as-
sembly fired at 1000°C to produce the porous PSZ 
electrolyte. The second substrate lead for the sensor 
housing contacted the Au wire. 

Figure 3 shows a schematic of the prototype us-
ing a dense ceramic oxide as the sensing electrode. 
LSM was used as the electronically conducting 
oxide sensing electrode. A dense pellet was prepared 
with commercial (La0.85Sr0.15)0.98Mn oxide powder
(Praxair) by pressing in a uniaxial die and sintering 
at 1250°C. Two pieces of LSM (6 mm × 2 mm × 1 
mm) were machined and attached to the top of the 
substrate using Pt paste and fired to 1200°C. Yttria 

fully-stabilized zirconia (FSZ, 8 mol% yttria doping) 
slurry was applied on top of the dense LSM pieces 
and the assembly fired at 1000°C. 

Figure 3. Schematic of more advanced NOx prototype 
sensors using dense LSM as the sensing electrode.

Laboratory gas sensing experiments of sensors 
on heated alumina substrates were performed in a 
quartz tube with both electrodes exposed to the same 
environment. A specialized attachment (provided by 
Ford Motor Company) was used to make contact 
with the sensor and heater leads. Based on previous 
testing protocols and the role of the differing catalyt-
ic activity of Au and LSM in NOx sensitivity, the 
prototypes with the Au wire sensors were main-
tained at a higher temperature (the heating element 
operated at a higher voltage) than the LSM sensors, 
10.5 and 8.5 V, respectively. 

The exact temperature corresponding to the hea-
ter voltage was not known, but was correlated with 
the behavior of similar prototypes that underwent 
furnace testing. Future prototypes may incorporate 
resistive temperature detectors to more accurately 
determine temperature. Nevertheless, Au wire and 
LSM sensors were previously tested at 650°C and 
575°C, respectively, with similar type behavior seen 
in the sensors operated at 10.5 and 8.5 V, respective-
ly. 

A more detailed study of the LSM sensor and 
water cross-sensitivity was performed using elec-
trodes attached to a square alumina substrate (10 
mm × 10 mm × 0.5 mm) without imbedded heaters. 
The alternative sensor geometry was more suitable 
for controlled temperature testing in a tube furnace. 
The sensor geometry was similar to that shown in 
Fig. 3. 

Gas composition was controlled in laboratory 
testing by mixing air, N2, and a 1000 ppm NO/NO2
feed using a standard gas handling system equipped 
with thermal mass flow controllers. Electrochemical 
measurements were performed using a Solartron 
1260 Impedance Analyzer with a Solartron 1287 
Electrochemical Interface. 
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Results and Discussion

Sensing behavior using the Au wire prototype –
Previous designs for the Au wire sensor lacked the 
necessary mechanical robustness for mounting into 
the sensor housing and attaching directly to the ex-
haust manifold for engine dynamometer testing. Au 
wire delamination was responsible for the mechani-
cal degradation. 

Previous designs used a 2D geometry and Au 
wire electrodes were located on only the top surface 
of the heated substrate. To improve adhesion of the 
Au wires, an improved design used a 3D geometry 
utilizing the top, bottom, and side surfaces of the 
substrate and Au wire electrodes wrapped around 
the entire substrate. 

Previous designs also used yttria fully-stabilized 
zirconia (FSZ, 8 mol% yttria doping) as the electro-
lyte material, which has a thermal expansion coeffi-
cient of ~10.5 × 10-6 K-1. The thermal mismatch 
between the FSZ electrolyte and Au wire electrode 
(~14 × 10-6 K-1) likely contributes to the mechanical 
degradation. To improve the thermal match, yttria 
partially-stabilized zirconia (PSZ, 3 mol% yttria 
doping) was used instead, which has an increased 
thermal expansion coefficient (~11 × 10-6 K-1) com-
pared to FSZ and better matches the thermal expan-
sion of the Au wire electrode. In addition to the 
increase in thermal expansion coefficient, PSZ exhi-
bits higher toughness and lower ionic conductivity 
than FSZ.

Figure 4 shows the impedancemetric sensing 
behavior for the improved Au wire prototype in la-
boratory testing. The sensing signal is the phase an-
gle response of the cell to a 100 mV ac signal at 5 
Hz. In Fig. 4a, the background oxygen concentration 
was changed from 2 to 18.9%, as indicated at the top 
of the graph, and the NO concentration was changed 
at each oxygen level: 100, 50, 20, 10, and 0 ppm. 
For all changes in gas concentration, the sensor re-
sponds quickly and recovers quickly to the original 
baseline value (< 10 s). 

                              (a)                                    (b)
Figure 4. Sensing behavior of Au wire sensor with 
changes in oxygen and NO concentration at (a) 144 and 
216 h of testing and (b) after a single cycle from the oper-
ating temperature to room temperature and testing at 24 
and 168 h. The sensing signal shown is the phase angle 
response of the cell to a 100 mV ac signal at 5 Hz. 

In Fig. 4a, the upper red curve shows the sensing 
behavior after continuous testing for 144 h using a 
heater voltage of 10.5 V. The lower blue curve 
shows the initial data (from 0 to 12 min) collected at 
216 h  for 2% oxygen. Only the initial data is shown 
at 216 h because a more compact testing protocol 
was used for these data and displaying the full data 
set would detract from figure clarity. However, simi-
lar behavior was noted for the other concentrations 
of oxygen at 216 h as that observed at 2% oxygen. 
The main point to the figure is that there was a base-
line shift in going from the data set at 144 h and 216 
h. The baseline shift may indicate an initial “aging” 
effect, which is common for electrochemical sen-
sors. At all oxygen levels, the NO sensitivity was 
relatively unaffected in going from 144 to 216 h of 
continuous testing.  

Despite the efforts to improve mechanical ro-
bustness by incorporating a 3D design strategy to 
improve Au wire adhesion and changing the electro-
lyte material for better thermal expansion matching, 
the performance of this sensor also degraded after 
thermal cycling. After the initial continuous testing 
of the sensor to 216 h (as shown in Fig. 4a), the sen-
sor temperature was subsequently decreased to room 
temperature before returning to the testing tempera-
ture using a heater voltage of 10.5 V. 

In Fig. 4b, after this single thermal cycle and 
holding at the operating temperature for 24 h, the 
upper red trace shows both a shift in the baseline and 
a decrease in NO sensitivity compared to the data 
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shown in Fig. 4a. After testing at 24 h, the sensor 
continued to be held at the operating temperature. At 
168 h, the lower blue trace in Fig. 4b shows that the 
baseline continued to drift and the NO sensitivity 
was significantly reduced with the sensor no longer 
able to resolve NO concentrations less than 20 ppm. 
This degradation in the sensor signal indicated the 
need for improved materials and/or designs. As dis-
cussed in the following, the LSM prototype showed 
significantly better performance.

Mitigating O2 cross-sensitivity using the Au 
wire and LSM prototypes – As mentioned above, 
we are employing a dual-frequency approach to 
compensate for oxygen cross-sensitivity and im-
prove sensor accuracy.8

The gas flow profile for oxygen and NO compo-
sitions that was used to evaluate the phase angle re-
sponse to a 100 mV ac signal at 1 kHz is shown in 
Fig. 5a. The high-frequency behavior (1 kHz) of the 
Au wire prototype is shown in Fig. 5b. The upper 
blue trace shows the response when only the oxygen 
is changing. The lower red trace shows the response 
when both oxygen and NO composition change.  
This demonstrates sensitivity towards oxygen with 
relatively small response to changes in NO at this 
frequency. However, both a considerable shift in the 
baseline (note beginning and end response at 2% O2) 
and drift in the signal were noted. Furthermore, the 
amount of drift seems to increase during the course 
of testing. The unstable high-frequency signal with 
the Au wire prototype shows that this design is not 
suitable for compensating for oxygen cross-
sensitivity.

Fig. 5c shows the high-frequency response of 
the LSM prototype. In contrast to the behavior noted 
for the Au wire prototype, the sensor responds iden-
tically to either changing both oxygen and NO (red 
trace) or when only changing the oxygen composi-
tion (blue trace). Furthermore, the response of the 
LSM prototype is much more stable and reproduci-
ble. Therefore, this prototype appears to be much 
more suitable for potentially mitigating oxygen 
cross-sensitivity and improving sensor accuracy.

(a)

       
(b)

        
(c)

Figure 5. (a) Gas flow profile of oxygen and NO compo-
sition used for evaluating phase angle response to a 100 
mV ac signal at 1 kHz. (b) Au wire prototype shows unst-
able signal while (c) LSM prototype shows much more 
stable signal suitable for potentially mitigating oxygen 
cross-sensitivity.

Sensing behavior using the LSM prototype –
Previous designs for the LSM sensor utilized a dense 
sintered LSM pellet that was then dip coated with 
YSZ slurry. A second counter electrode (either metal 
or metal oxide) was typically applied as a porous 
slurry and the assembly was then fired at 1000°C. 
Unlike the Au wire prototype, the LSM sensing 
electrode can not be fabricated as wires and easily 
attached to alumina substrates. Furthermore, in the 
Au wire design, the porous Pt counter electrode is 
processed at a higher temperature than the YSZ slur-
ry (1200°C vs. 1000°C), which is thought to stabil-
ize the Pt microstructure and minimize drift. 
However, due to the constraints of the LSM pellet 
design, the porous counter electrode was fired at the 
same temperature as the YSZ slurry (1000°C), lead-
ing to a less stable microstructure and additional 
aging.

To improve the LSM sensor design, pieces of 
LSM were machined that could then be directly at-
tached to the alumina substrate. Furthermore, by 
directly attaching the LSM electrode, a symmetric 
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electrode design was possible (both sensing and 
counter electrodes were LSM) that eliminated insta-
bilities associated with the previous porous Pt coun-
ter electrode.

Figure 6 shows the impedancemetric sensing 
behavior for the improved LSM prototype in labora-
tory testing. The sensing signal is the phase angle 
response of the cell to a 100 mV ac signal at 5 Hz. 
Similar to the experimental protocol used previously 
for the Au wire prototype (see Fig. 6a), the back-
ground oxygen concentration was changed from 2 to 
18.9%, and the NO concentration was changed at 
each oxygen level: 100, 50, 20, 10, and 0 ppm. For 
all changes in gas concentration, the sensor responds 
quickly and recovers quickly to the original baseline 
value (< 10 s). 

   
                              (a)                                       (b)
Figure 6. Sensing behavior of LSM prototype with 
changes in oxygen and NO concentration at (a) 144 and 
216 h of testing and (b) after two cycles from the operat-
ing temperature to room temperature and testing at 24 and 
168 h. The sensing signal shown is the phase angle re-
sponse of the cell to a 100 mV ac signal at 5 Hz. 

In Fig. 6a, there was no noticeable shift in the 
baseline signal after continuous testing at 144 and 
216 h indicating stable sensor performance. The sen-
sor was initially tested continuously up to 408 h (da-
ta at 144 and 216 h shown in Fig. 6a) using a heater 
voltage of 8.5 V. At this point, the sensor tempera-
ture was reduced to room temperature before return-
ing to the operation temperature for another 216 h of 
continuous testing, at which point the sensor tem-
perature was again cycled. 

In Fig. 6b, after the two thermal cycles and hold-
ing at the operating temperature for 24 h, the lower 
red curve shows both a shift in the baseline and a 
decrease in NO sensitivity. After testing at 24 h, the 
sensor continued to be held at the operating tempera-
ture. At 168 h additional NO sensing data were ob-
tained. At this point, the upper blue curve in Fig. 6b 
shows a slight increase in the baseline, but the NO 
sensitivity remained relatively unchanged, again in-

dicating better sensor stability than the previous Au
wire prototype.

To evaluate long-term stability, the sensor per-
formance of the LSM prototype, after the two ther-
mal cycles discussed above, was monitored after 
testing in various water, oxygen, and NOx concentra-
tions. Figure 7 shows the sensing behavior of the 
LSM prototype with changes in oxygen and NO le-
vels at a fixed water concentration of ~1.2% after 
3120 h of total varied environment testing. All NO 
concentrations from 100 to 10 ppm are still clearly 
resolved at all oxygen levels from 2 to 18.9%. Fu-
ture work includes compiling the performance data 
obtained over the lifetime of the sensor at various 
water, oxygen, and NOx levels and improving the 
design and materials to enhance further the tempera-
ture control and sensor stability.

Figure 7. Sensing behavior of LSM prototype with 
changes in oxygen and NO levels in ~1.2% H2O after
3120 h of continuous testing at various water, oxygen, and 
NO levels. The sensing signal shown is the phase angle 
response of the cell to a 100 mV ac signal at 5 Hz.

A more detailed study of the water cross-
sensitivity of the LSM sensor was performed using a 
square alumina substrate (10 mm × 10 mm × 0.5 
mm) without imbedded heaters onto which the LSM 
electrodes and FSZ electrolyte had been fabricated. 
The alternative sensor design was more suitable for 
controlled temperature testing in a tube furnace 
(525°C). The sensor geometry was similar to that 
shown in Fig. 3. 

The square LSM sensor was initially tested con-
tinuously to 192 h, then thermal cycled to room 
temperature before returning to the operation tem-
perature, tested continuously for another 216 h, and 
then thermal cycled again. In Fig. 8a, after the two 
thermal cycles and holding at the operating tempera-
ture (525°C) for 72 h, the lower red trace shows the 
sensing behavior. After testing at 72 h, the sensor 
continued to be held at the operating temperature. At 
168 h, the upper blue trace in Fig. 8b shows almost 
no change in response indicating good sensor stabili-
ty.



Propulsion Materials FY 2009 Progress Report

8

  
                       (a)                          (b)
Figure 8. Sensing behavior of LSM prototype on non-
heated alumina substrate at 525°C in 2% O2 (a) with 
changes in NO concentration after testing for 262 h and 
two cycles from the operating temperature to room tem-
perature and then additional testing at 72 and 168 h and
(b) sensor response (upper red trace, values on left axis of 
Figure 7a) with changes in water concentration (lower 
blue trace, values on right axis). The sensing signal shown 
is the phase angle response of the cell to a 100 mV ac sig-
nal at 5 Hz. 

Figure 8b shows how the sensor signal changes 
with water concentration. In Fig. 8b, the lower blue 
trace shows changes in water concentration with 
time (values given on the right y-axis) and the cor-
responding sensor signal given by the upper red 
trace (values given on the left y-axis in Fig. 7a). In-
creases in water concentration have a similar direc-
tional response in the phase angle as increases in 
oxygen and NO concentration. 

Previous work on Au wire prototypes found that 
optimizing temperature significantly decreased wa-
ter cross-sensitivity. Future work includes a detailed 
analysis of water cross-sensitivity for the LSM pro-
totype at different temperatures.

Conclusions
Work in FY2009 has focused on more advanced 

NOx sensor prototypes that incorporate an alumina 
substrate with an imbedded heater and modifications 
for improving mechanical stability. Mechanical sta-
bility is crucial for packaging into a commercial sen-
sor housing and direct testing in the exhaust 
manifold. The current work builds on previous work 
directed at understanding sensing mechanisms and 
the role of material composition/microstructure. 
From this understanding we developed criteria that 
has been used to guide continuous improvements in 
sensor performance and design, including sensor 
platforms more suitable for mass manufacturing.

Although previous work demonstrated an oper-
ating NOx prototype packaged in a sensor housing, 

subsequent testing revealed insufficient long-term 
stability due to mechanical failure, in particular due 
to wire delamination in gold-based sensor proto-
types. We attempted to improve the mechanical sta-
bility of the gold wire prototype by increasing the 
wire adhesion through geometry modification and 
improving the thermal expansion match between the 
gold electrode and zirconia electrolyte. Despite the 
improvements, the sensor still exhibited poor me-
chanical performance, especially after cycling from 
the high operating temperature to room temperature.

An advance to the Au wire sensor has been 
made by moving to LSM metal-oxide based elec-
trodes directly attached to the alumina substrate. In 
addition to excellent stability and sufficient toler-
ance towards temperature cycling, the LSM proto-
type also exhibited stable high-frequency (1 kHz) 
oxygen selectivity, and this permits compensating 
for oxygen cross-sensitivity and improving sensor 
accuracy. Furthermore, the LSM prototype has un-
dergone continuous testing in a variety of oxygen, 
water, and NOx conditions for 3120 h and still 
showed good NOx sensitivity.
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Publications/Presentations
Record of invention (IL-2048) entitled “Fre-

quency Technique for Operating Electrochemical 
Sensors” submitted to the Department of Energy,
November 2008. Provisional Patent Application (IL-
12048, S114,480 Provisional) filed on December 18, 
2008.

Poster presentation entitled “Sensing Behavior 
in Diesel Exhaust of Impedancemetric NOx Gas 
Sensor Based on Porous YSZ/Dense Electrode Inter-
face” at the 2008 Fall Meeting of the Materials Re-
search, Dec. 1-5, 2008, in Boston, MA.

Oral project presentation at the 2009 DOE Hy-
drogen Program and Vehicle Technologies Program 
Annual Merit Review and Peer Evaluation Meeting, 
May 18-22, 2009 in Washington, D.C.

Oral presentation entitled “Impedancemetric 
NOx Sensing Based On Porous Yttria-Stabilized 
Zirconia (YSZ) Electrolyte: Effect of Electrode Ma-
terials on Total-NOx Sensing and Stability” at the 
215th Electrochemical Society Meeting, May 25-29,
2009.

Manuscript entitled “Effect of Electrode Materi-
al and Design on Sensitivity and Selectivity for High 
Temperature Impedancemetric NOx Sensors” sub-
mitted to the Journal of the Electrochemical Society, 
Sept. 2009.


